VIROLOGY 204, 759-769 (1994)

Mutational Analysis of the Tobacco Vein Mottling Virus Genome

PATRICIA GAMBLE KLEIN,* ROBERT R. KLEIN,t# EMILIO RODRIGUEZ-CEREZO.§"
ARTHUR G. HUNT.t AnD JOHN G. SHAWS?

*Departments of Horticulture and Landscape Architecture, tAgronomy, §Flant Pathology and $USDA-ARS,
University of Kentucky, Lexington, Kentucky 40546

Received Aprii 27, 1994; accepted July 18, 1994

We have used a cDNA clone of the potyvirus, tobacco vein mottling virus, to construct 19 mutants bearing 12-nt insertions
in the viral genome. These mutants display a variety of phenotypes in inoculated tobacco plants or protoplasts. All mutants
with insertions in P3, Cl, 6K, Nla, or Nlb failed to produce detectable amounts of progeny viral RNA in protoplasts or plants
which suggests that they all may be directly involved in replication, Mutants (one in P1 and one in HCpro} presumably
affected in polyprotein processing also did not replicate in plants or protoplasts. Seven mutants, with insertions in the 5’
noncoding region, P1, HCpro, or CP regions of the gencme, were able to infect protoplasts. Three of the 7 mutants {1 in
the 5’ noncoding region and 2 in HCpro) were able to infect protoplasts but not plants. The remaining 4 mutants replicated
In protoplasts and were able to cause systemic infection in ptants. The mutation in the CP had no effect on virus accumulation
or symptom development in inoculated plants, whereas the other 3 {1 in P1 and 2 in HCpro) induced cyclical patterns of
symptom expression. These symptoms ranged from very mild to wild-type-like as new leaves emerged and, as the plants
continued to grow, this pattern was repeated. These results support the assignment of roles in replication to five coding
regions in the genome and demonstrate that sequence alterations in many parts of other regions of the viral genome may

have pronounced effects on replication and the expression of disease symptoms.

INTRCGDUCTION

The potyviruses are a large group of plant viruises with
single-stranded, positive-sense RNA genomes of approx-
imately 10 kb and are included in the picornavirus-like
supergroup of viruses. A potyviral genome map has been
established and the general scheme by which coding
regions within the viral RNA are expressed has been
determined {reviewed by Riechmann et a/, 1992). The
potyviral genome encodes a large polyprotein that is pro-
teolytically processed to yield the coat protein (CP) and
six or more nonstructural proteins.

Over the years, biochemical analyses of the functions
of some potyviral proteins have been reported, and most
of these proteins have been shown to be multifunc-
tional. Helper component (HCpro} was one of the first
to be analyzed and was shown to be required for trans-
mission of the virus by aphids (Pirone and Thornbury,
1983). The HCpro (Carrington et af, 1989), P1 (Verchot
et al, 1991), and Nla (Carrington and Dougherty, 1987)
proteins have been shown to have proteinase activity
and to be involved in processing of the viral polyprotein.
The Cl protein has in vitro RNA-dependent ATPase and
helicase activities (Lain et &/, 1990, 1991). P1 has also
been shown to have RNA-binding properties (Brantley
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and Hunt, 1993). CP is involved in encapsidation of the
viral RNA and also contains a sequence motif that is a
determinant of aphid transmissibility (Atreya et al,
1990). Nla functions as a serine-type (trypsin-like) pro-
teinase responsible for six of the polyprotein cleavages
{Carrington and Dougherty, 1987; Carrington et a/., 1988)
and as the protein (VPg) covalently linked to the 5’ end
of the viral RNA (Shahabuddin et al, 1988; Murphy et
al, 1990).

In contrast, functions of cther virus-encoded proteins
are unknown or have been inferred from amino acid se-
guence comparisons with other viral proteins. NIb is be-
lieved to be the RNA-dependent RNA polymerase based
on computer sequence comparisons with other viral paly-
merases (Koonin, 1991), but pelymerase activity has not
been demonstrated. The P3 protein has been abserved
in infected cells (Rodriguez-Cerezo and Shaw, 1981), but
its function remains unknown.

A genetic appreach examining the function(s) of the
potyvirus-encoded proteins would complement the in
vitro studies and provide insighis into the roles of the
proteins in replication and pathogenicity in infected
plants. In the present study, we have used a full-length
cDNA clone of tobacco vein mottling virug (TVMV) to
construct a series of linker insertion mutations at known
locations throughout the TVMV genome. The mutants
were analyzed by inoculation of tobacco protoplasts
and plants with transcripts derived from mutant cDNA
clones. The effects of the mutations on replication of
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Fig. 1. Strategy for the construction of 12-nt insertions into Sau3A or Tagl sites in pXBS7, a plasmid containing a full-length DNA copy of TVMV
RNA. The open boxes indicate regions of the plasmids corresponding to TVMV sequences and the stipled areas depict plasmid sequences. The
kan" and bleo” genes are shown as a hatched box. The 12-nt sequences inserted into the TVMVY polyprotein are depicted by a solid box.

viral RNA and systemic disease development will be
described.

MATERIALS AND METHOQDS
Construction of mutants

Insertion mutations throughout the TVMV genome
were generated by cloning a mutagenesis cassette into
full-length TVMV cDNA that had been partially digested
with Sauw3A ar Taql {in pXBS7, Domier et a/, 1289, and
Fig. 1). To assembie the mutagenesis cassette the multi-

ple cloning sites in pUC18 were replaced with the se-
gquences AATTGGATCCCTCGAGGGATCCAGCT or AAT-
TCATCGATCTCGAGATCGATGAGCT using appropri-
ately designed oligonucleotides to vield pUC-Sau3A or
pUC-Tagl, respectively. Underlined nucleotides desig-
nate Xhol sites; nucleotides in bold type constitute
BamH| and Cial sites in pUC-Sau3A and pUC-Tagl, re-
spectively. Next, the 1.6-kbp kan'—bleo’ cassette from the
plasmid pKIXX (Pharmacia, Piscataway, NJ) was inserted
as an Xhol fragment into pUC-Sau3A and pUC-Tagl plas-
mids. The cassette was then excised with BamHI (for
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pUC-Sau3A) or Clal (for pUC-Taql) and cloned into the
partially digested TVMV cDNA as described below.

For the construction of the Sau3A insertion mutants, 3
g of TVMV cDONA clone, pXBS7, were partially digested
with 0.01 or 0.02 units of Sau3A for 30 min at 37°. The
reactions were terminated by heating to 65° for 10 min.
Linearization of the plasmid was monitored by electro-
phoresis in 1% agarose gels. Visualization of the ethid-
ium-bromide-stained gel revealed that approximately 5%
of the plasmid was linearized and the remainder uncut.
Samples were extracted with phenol/chioroform and pre-
cipitated with ethanol. The partially digested cDNA was
ligated 1o the 1.6-kbp BamH| mutagenesis cassette con-
taining the kan'-bleo’ genes flanked by Xhol sites. After
transformation of Escherichia coli strain NMb22, recom-
binants were selected by plating on media containing
carbenicillin and kanamycin. Recombinant plasmids
were isolated and insertion mutants were identified by
digestion with Xhol. Since the full-length TVMV cDNA
clone does not contain an Xhol site, anly recombinant
plasmids containing the mutagenesis cartridge could be
digested with Xhol. To remove the kan'—bleo’ gene cas-
sette, selected clones were digested with Xhol and reli-
gated. Following transformation and plating on media
containing carbenicillin, transformants containing the 12-
nt inserticn were identified by replica plating on media
containing carbenicillin or carbenicillin plus kanamycin.
The resulting plasmid retained a 12-nt insertion se-
quence {CCTCGAGGGATC) in a Sau3A site. The site of
the insertion in the plasmids was determined by restric-
tion enzyme analysis and confirmed by dideoxynucleo-
tide sequencing (Hsiac, 1991).

A similar collection of insertion mutants containing a
second 12-nt insertion (TCTCGAGATCGA) was created
from plasmid pXBS7 linearized by partial digestion with
Tagl. Three micrograms of pXBS7 DNA were digested
with 0.05 units of Tagl for 30 min at 65°. The partially
digested cDNA was ligated to the 1.6-kbp Clal mutagene-
sis cassette containing the kan' and bleo' genes flanked
by Xhol sites and transformed into E. ¢cofi strain GM2929.
Identification of the site of insertion and the removal of
the kan" and blec” genes to create a 12-nt inserticn was
accomplished as described above,

To ensure that frameshift mutations were not intro-
duced intc the TVMV cDNA during mutant construction,
transcripts of the mutant plasmids (Rodriguez-Cerezo et
al, 1991} were translated in vitro in the rabbit reticulocyte
lysate and wheat germ extract systems (Promega, Madi-
son, WI) and analyzed hy SDS—polyacrylamide gel elec-
trophoresis and autoradiography. The pattern of proteins
synthesized was compared to the pattern synthesized
from native TVMV RNA.

inoculation of protoplasts and plants with mutant
transcripts

The in vitro synthesis of full-length TVMV RNA was
performed as previously described (Rodriguez-Cerezo et

al, 1991). Nicotiana tabacum L. {cv Xanthi) mesophyll
protoplasts were prepared and inoculated by etectropor-
ation as described by Luciaro et al. (1987) using a Bio-
Rad Gene-Pulser. Typically, 1.5 X 10° protoplasts were
electroporated with 100 ul of in vitro transcription reac-
tion mixture, After electroporation, the protoplasts were
placed in incubation buffer (Takebe et af, 1968} at a
concentration of 2 X 10° protoplasts/mt and incubated
at 23° Samples (1 X 10° protoplasts), in which the accu-
mulaticn of CP was to be measured, were harvested
after incubation for 48 hr and extracts were analyzed as
described below. For measurements of the accumulation
of progeny viral RNA, protoplasts (2 X 10°% were har-
vested after incubation for 24 and 48 hr. Analysis of proto-
plasts incubated for the two periods provided a means
of distinguishing between progeny viral RNA and the
residual inoculum transcript RNA. The activity of each
mutant in inoculated protoplasts was assessed at least
four times and the results presented are those of a typical
experiment,

To inoculate N. tabacum L. cv Kentucky 14 plants, 2
vol of in vitro transcription reaction mixture were mixed
with 1 vol of inoculation buffer [110 mM scdium pyro-
phosphate, pH 9.0, 3 mM EDTA, and 3% (w/v} bentonite].
Two leaves (positions 2 and 3, denoted here by their
numerical location above the oldest leaf on the plant at
the time of inoculation) of each plant were mechanically
incculated (7.5 ul/leaf) using Carborundum as an abra-
sive. Control plants were mock-inoculated or inoculated
with native TVMV RNA at a concentration of 33 pg/ml.

Detection of infection in inoculated plants

Plants were tested for the incidence of infection begin-
ning approximately 14 days after inoculation and continu-
ing every 3—4 days for the next 4—6 weeks. Three 6-
mm discs were taken from leaves of each plant and the
amount of TVMV CP in these samples was determined
by direct double-antibody sandwich ELISA (Clark and
Adams, 1977). The leaf discs were sonicated in 300 ul
of sample buffer (10 mM phosphate buffer, pH 7.4, 120
mA4 NaCl, 0.05% Tween 20, 1 mM phenylmethylsulfonyi
fluoride, 0.5 pg/ml leupeptin). After sonication, 200 ul
sample buffer was added, the samples were centrifuged
in an Eppendorf microcentrifuge for 5 min and 1:1, 1:10,
and 1:30 dilutions of the supernatants in sample buffer
were then processed for direct ELISA using anti-TVMV
CP serum. Leaves 6 and 15 {three 12-mm discs) of each
inoculated plant were also analyzed for the presence of
viral RNA as described below.

Western blot analysis of inoculated protoplasts

Samples (1 X 10° protoplasts) were taken 48 hr after
inoculation and sedimented in a microcentrifuge at 1000
g for 3 min. The protoplast pellets were resuspended in
25 ul 4 disruption buffer (1xX = 62 mM Tris—HCI, pH
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6.8, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol), boiled
far & min, and centrifuged for 3 min in a microcentrifuge.
Proteing in the extracts were separated by aelectrophore-
sig in 10% polyacrylamide geis {Laemmli, 1970) and
transferred to immobilon P membranes (Millipore, Bed-
ford, MA) (Towbin et al, 1979). Following transfer, the
presence of TVMV CP was deterrmined by immunobiot
analysis as described by Domier et g/ (1989). Blots were
scanned with an image acquisition densitometer (Biol-
mage, Milligen/Bicsearch, Ann Arbor, MI} to determine
the relative staining intensity of the immunolcgically re-
active protein and quantified on the basis of whole-band
analysis.

Extraction and analysis of RNA

Total nucleic acids were extracted from protoplasts
and leaf tissue as described by Klein et al. (1988) with
miner modifications. Samples (2 X 10° protoplasts or 0.1
g ground frozen leaf tissue) were resuspended in 300 ul
RNA extraction buffer (100 mM Tris—HCI, pH 9.0, 300
mA NaCl, 20 mM EDTA, 2% 3DS, 250 ug/ml proteinase
K. 500 ug/ml heparin), incubated for 20 min at 37°, and
extracted with phenol/chloroform. The organic phase of
each sample was extracted twice with RNA extraction
buffer and the nucleic acid precipitated with ethanol over-
night at —8Q°. After centrifugation for 20 min at 4°, the
samples were washed and resuspended in RNA solubili-
zation buffer (10 mM Tris—HCI, pH 7.5, 1 mM EDTA,
0.1% SDS). LiCl was added to 2 M and RNA allowed 1o
precipitate overnight at 4°. The RNA was collected by
centrifugation and dissolved directly in formaldehyde/gel
loading buffer (Sambrook et a/,, 1989).

Northern blot analysis of RNA electrophoresed in 0.8%
agarose—formaldehyde gels was as described by Sam-
brook et af (1989). RNA was transferred to GeneScreen
membranes (New England Nuclear, Wilmington, DE) by
the capillary blot procedure. Viral RNA was detected with
a *P-labeled complementary RNA probe (nucleotides
3872-6845 of TVMV RNA) prepared by in vitro transcrip-
ticn of a subclone of pXBS7 (Rodriguez-Cerezo et al,
1991). To determine the relative **P incorporation, autora-
diograms were scanned and gquantified as described
above.

Analysis of progeny viral RNA from infected plants

RNA isolated from plants that became infected after
inoculation with transcript RNA was tested for the pres-
ence of the mutation in the progeny viral RNA. Total RNA
was isolated from plants 15—20 days {leaf 6) and 45 days
(leaf 18) after inoculation as described above. Following
reverse transcription and polymerase chain reaction am-
plification (RT-PCR), the products were analyzed by re-
stricticn enzyme digestion. For RT-PCR, first strand cDNA
was produced from 1 ug total RNA in a 20-ul reaction
volume using 5 units of avian myeloblastosis virus re-

verse transcriptase {Life Sciences, St Petersburg, FL)
and 2.5 pmol of a minus-sense primer (i.e., binds to DNA
of the same sequence as viral RNA; 17 to 24 nt) specific
for the region of the viral genome near the particular 12-
nt inserted sequence. After incubation for 1 hr at 42°, the
enzyme was inactivated by heating to 95° for 5 min. For
PCR amplification, a 100-ul reaction mixture contained
20 pl of first strand ¢DNA, 10 ul of 10X PCR buffer |
(Perkin—Elmer, Norwalk, CT), 0.2 mM dNTPs, 50 pmol of
a specific plus-sense primer {i.e., binds to DNA comple-
mentary to viral RNA; 17 to 24 nt), 47.5 pmol of the minus-
sense primer, and 2.5 units Taq polymerase. Amplifica-
tion conditions were 94°, 1 min 20 sec; 45° 2 min; 72°,
3 min for 30 cycles. The PCR products were extracted
with phenol/chloroform and precipitated with ethanol.
The presence or absence of the mutation in the progeny
viral RNA was examined by digestion of the purified RT-
PCR samples with Xhol. In addition, RT-PCR products
from two mutants were digested with Hindll and the
0.99-kbp Hindlll fragments containing the region of the
mutaticn were gel-purified (GeneClean protocal, Bio101,
La Jolla, CA) and cloned into pKS+ phagemid (Stra-
tagene, La Jolla, CA). The region in the plasmid DNA
surrounding the mutant insertion was subseqguently se-
quenced (Hsiao, 1991},

RESULTS
Construction and mapping of mutations

To investigate the roles of individual virus-encoded
proteins in replication and pathogenicity, linker insertion
mutaticns were censtructed throughout the TVMY ge-
nome. This resulted in a series of mutants each of which
contained a 12-nt insertion at a Sau3A or Tagl site in
the genome. The inserted sequences were designed 1o
introduce a unique Xhol site into the TVMV cDNA clone
to facilitate mapping and to aid in the screening of prog-
eny viral RNA. With this strategy, a collection of 19 mu-
tants was obtained (Table 1 and Fig. 2). Thirteen mutants
contained the sequence CCTCGAGGGATC at Sau3A
sites and resulted in insertion of one of three 4-amino
acid segments into the viral polyprotein {Table 1). One
additional Sau3A insertion muiant in the &' nonceding
region was obtained. Five mutants containing the se-
quence TCTCGAGATCGA at selected Tagt sites were
also generated and resulted in the addition of one of two
4-amino acid segments into the polyprotein (Table 1)
With two of the mutants, one in the 5" ncncoding region
(6'UTR-1581A19} and one in HCpro (HC-1937A15), a
small deletion of TVMV sequence occurred at the site of
the 12-nt insertion as a result of cleavage of pXBS7 at
wo closely spaced SauldA sites. Mutant designations
refer to the coding region and the nucleotide residue
positions at which the insertions occurred. The names
of the two mutants containing small deletions of TVMV
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TABLE 1

NAMES oF TVMV MUTANTS AND LOCATIONS OF INSERTIONS IN VIRAL RNA

Lacation of insert

Mutant nt* Gene Amino acid sequence®
5'UTR-151A19° 151 5'UTR
P1-616 616 P1 Arg(137)—Ser—Arg—Asp-Arg-Val{138)
P1-801 801 P1 Argl{198)—Ser-Leu—Giu—Gly-Ser(199)
HC-1378 1378 HCpro Arg(391)—Ser—Arg—Asp-Arg-Leu{392)
HC-1600 1500 HCpro Giy{431)—Ser—Leu—Glu—-Gly—-Ser(432)
HC-1937 1937 HCpro Asp(677)—Pro-Ser—-Arg-Asp-Pro{578)
HC-1937A15° 1937 HCpro Asp(677)—Pro—Ser—Arg—-Asp-Asp(582)
HC-2201 2201 HCpro Asp(665)—-Pro—Ser—Arg—Asp—His(666)
P3-2614 2514 P3 Leu(769)-Asp—Leu-Glu—lle—Glu(770)
P3-3208 3208 P3 lie(1001)-Pro—Arg—Gly—!le—Lys{1002)
P3-3322 3322 P3 Arg{1039)—Ser—-Arg—Asp—Arg—GIn{1040}
Cl-4040 4040 Cl Asp{1278}—Pro-Ser-Arg—Asp-Arg(1279)
Cl-4411 4411 Cl lle(1402)-Pro-Arg—Gly—lle—(le{1403)
Ci-4467 4467 Cl lle(1420)~ Asp-Leu—Glu—lle—Glu(1421)
CI-5059 5069 Cl lle{1618} - Pro—Arg—Gly—lle-Trp(1619)
6K-5816 5516 6K Asp(1770)-Pra—Sec-Arg-Asp—Leu(1771}
Nla-6662 6652 Nla i1e{2149)—Pro—-Arg—Gly—lle—His{2150}
NIp-7386 7386 Nib Gly{2393}-Ser—Leu—-Glu—Gly—Ser{2394)
CP-B465 8465 CP Asp(2753)-Pro—Ser—Arg—-Asp—GIn{2754)

? The insertion occurs after the indicated nuclectide (nt) in TYMVY RNA.
® Inserted amino acids are in bold type; numbers are positions of amino acid residues in the TVMV polyprotein.

¢ During mutant construction, detetion of a small fragment of the TYMV cDNA occurred at the site of the insertion; the name of the mutant includes
the number of nuclectides deleted (A15 or A19).

seqguence at the site of the 12-nt ingertion also include contained insertions in regions thought to be responsible
the number of nuclectides deleted (i.e., A15 or A19). for polyprotein processing {P1-616, HC-2201, and Nla-
To ensure that a frameshift had not oceurred in any of 6652} did produce altered patterns of protein synthesis.

the mutants, RNA was synthesized and translated in vitro At present, it is unclear to what extent these three mu-
and the products analyzed by SDS-polyacrylamide gel tants are affected in proteolytic processing.
electrophoresis. tn none of the mutants was there evi- . . ) )
dence of an interruption of the reading frame. In most Effects of mutations on accumulation of viral RNA in
cases, the pattern of translation products obtained with protoplasts
each mutant was identical to that seen with pXBS7 RNA The effects of the insertions in the TVMV genome on
(data not shown). However, some of the mutants that the infectivity of viral RNA were examined by inoculating
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Fia. 2. Locations and phenotypes of insertion mutations in the TYMV genome. The linear array of open boxes depicts the individual proteins that
result from proteolytic processing of the TVMV polyprotein. Names of proteins are within boxes. Untranslated regions are shown as horizontal lines
at each end of the map. The positions of the insertion mutations and their phenotypes are marked by triangles. The phenotypes of individual
mutants were determined by immunoblot and Northern analyses of proteins and RNA, respectively, from inoculated tobacco protoplasts incubated
for 48 hr and by direct double-antibody sandwich ELISA of leaf tissue from inoculated plants harvested 2 weeks after inoculation. Triangles below
the map represent lethal mutants. Triangles above the map represent viable mutants: open triangles above the map indicate mutants that replicate
in both protoplasts and planis, and closed triangles indicate mutants that replicate in protoplasts but not in plants, The scale beneath the genome
map indicates nucieotide residue positions where coding regions begin and end.
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Fia. 3. Immunoblot analysis of viral coat protein accumulation in tobacco prolopiasts incculated with TVMVY mutants. Protoplasts were either
maock-inoculated {Mock) or incculated with transcript RNA synthesized from wild-type plasmid (pXBS7) or from mutant plasmids (names below gel
lanes). Prctopfasis were sampled 48 hr after inoculation and proteins were electrophoresed in SDS-containing polyacrylarnide gels followed by
electrophoretic transfer to Immobilon P membranes. Protein blots were treated with antisera directed against TVMV CP. Arrow at the right marks
the position of TVMV CP. The antisera also reacted with the large subunit of ribulose 1.5-bisphosphate carboxylase/oxygenase which is marked
with an asterisk. Numbers to the left of the blots indicate the mobility of molecular mass standards (kilodaltons). Immunoblots in A and B are from

separate protoplast experiments.

protoplasts with in vitro-synthesized mutant transcripts.
Twelve of the mutants failed to produce detectable
amounts of viral CP or RNA in inoculated protoplasts
(Figs. 3 and 4). These included all of the mutations in
the P3, Ci, 6K, Nia, or Nib coding regions. in addition,
progeny viral RNA was not detected in proteplasts inocu-
lated with one mutant in P1 (P1-616) and one in HCpro
(HC-2201). In contrast, seven mutants were able 1o infect
protopiasts, although the extent of accumulation of CP
and RNA was variable. Scanning of the criginal protein
blots and autoradiograms revealed that proteplasts
inoculated with the 5" noncoding region mutant
(5"UTR151A19) or with mutants P1-801, HC-1378, HC-
1937, or HC-1937A15 accumulated levels of CP and viral
RNA that were 35—60% of the levels observed in proto-
plasts inoculated with wild-type pXBS7 RNA (Figs. 3A and

4A). The accumulation of CP and viral RNA in protopiasts
inoculated with RNA derived from mutant HC-1500 was
approximately 15% of wild-type levels (Figs. 3A and 4A).
Only one mutant, CP-8465, produced wild-type levels of
CP and viral RNA in protoplasts {Figs. 3B and 4B).

Effects of mutations on symptom expression in
inoculated plants

The 19 ingertion mutants were screened for their ability
to multiply and spread in plants. Leaves of small tobacco
plants were mechanically inoculated with aliquots of the
in vitro transcription mixtures from each mutant. The 12
mutants that failed {0 produce detectable amounts of
viral RNA or CP in protoplasts (Figs. 3 and 4) were unable
to cause systemic infections in tobacco plants. [n none
of the plants inoculated with these mutants did CP accu-



MUTATIONAL ANALYSIS OF TuMV 765
SUTR- HC-1937
A Mock pXBS7  151A19  P1-616  P1-801 HC-1378 HC-1500 HC-1937 _AlS  HC-2201
24 48 24 48 24 48 24 48 24 48 24 48 24 48 24 48 24 48 24 48  hrpi
TVMV
> - - - - - ‘_IRM
Ld ah | A ™
Nla- NIb-
B pXBS7 P3-2514 P3-3208 P3-3322 CI-4040 CI-4411 C1-4467 CI-5059 6K-5516 6652 7386 CP-8465

24 48 24 48 24 48 24 48

24 48 24 48 24 48 24 48 24 48 24 48 24 48 14 48

hr p.i.

L

b

TVMV
RNA

Fic. 4. Northern blot analysis of progeny TVIMV RNA accurnulation in protoplasts inoculated with mutant-derived RNA transcripts. Protoplasts
were either mack-inoculated (Mock) or inoculated with transeript RNA synthesized from wild-type plasmid {pXBS7) or from individual mutant plasmids
{names above gel lanes). Protoplasts were sampled 24 and 48 hr after Inoculation as indicated above the lanes. Total RNA was extracted from
protoplasts, separated on 0.8% agarose—formaldehyde gels, transferred 10 nylon membranes, and hybridized with a TYMV cRNA probe. The arrow
marks the position of TVMV genomic RNA. Blots in A and B were exposed to X-ray film for & and 4 days, respectively. Shorter exposure of the biot

in A showed no positive hybridization in the 48-hr HC-2201 sample.

mulate to detectable levels or were disease symptoms
observed. Inoculation of plants with 3 other mutants
{5'"UTR-151A19, HC-1378, and HC-1500} also failed 10
result in systemic infections despite their replication in
isalated protoplasts. Neither disease symptoms nor ac-
cumulation of CP was detected in plants inoculated with
these mutant RNAs.

Of the seven mutants that infected protoplasts, four
{P1-801, HC-1937, HC-1937A15, and CP-8465) were able
to produce systemic infections in tobacco plants. The
symptoms produced ranged from very mild to symptoms
as severe as those in wild-type infections (data not
shown). Plants ingculated with the CP mutant, CP-8465,
developed symptoms identical to those in plants inocu-
fated with native viral RNA or pXBS7-derived RNA. These
consisted of mild vein clearing of the first systemically
infected leaf and proncunced vein mottling and blotching
of younger leaves,

Plants ingculated with transcripts of mutant P1-801
exhibited a cyclical pattern of symptom development
{data not shown). Initially, the first systemically infected
leaves (leaf positions 4—5) developed very mild, barely
discernible vein clearing. Younger leaves (positions 6—
7)that develcped approximately 20 days afier inoculation
exhibited cnly smalf sectors of pale green color and did
not show vein clearing or mottiing typical of a wild-type
infection. Approximately 30 days after inoculation, how-
ever, newly appearing leaves {positions 9 and 10) began
1o show more pronounced vein clearing and by 45 days
{leaf positions 12 to 15} typical TVMV-induced symptoms
had appeared. As the P1-801-infected plants became

larger, they exhibited another cycle of leaves with mild
symptoms foliowed by leaves with typical vein mottling.

Inoculation of plants with mutants HC-1937 and HC-
1937A156 resulted in the development of symptoms that
were strikingly different from typical TVMV-induced
sympitoms (data not shown). A delay of approximately
3 days in the appearance of symptoms was observed
compared with plants inoculated with pXBS7-derived
RNA. When symptoms did deveicp, they consisted of
very pronaunced vein clearing of the first systemically
infected leaves (positions 5 and 6). With continued
growth of the plants, however, symptoms on the newer
leaves were sparadic, with vein clearing and blotching
confined 1o areas around the outer edges of the leaves.
At this stage, these ieaves did not exhibit the vein mot-
tling typical of plants infected with native viral RNA or
pXBS7-derived RNA. By 25 days after inocutation, the
newly expanding leaves (positions 9 and 10} were almost
symptomless with only a few small areas of blotching
around the outer edges of the leaf tips. By 45 days after
inoculation, however, the young, developing leaves (posi-
tions 12 to 18) exhibited symptoms resembling those
of a wild-type infection with vein motiling and biotching
throughout the entire leaf. As with plants infected with
mutant P1-801, plants inoculated with these two HCpro
mutants exhibited a cyclical pattern ¢f symptom expres-
sion.

Accumulation of virus in mutant-inoculated plants

ELISA and Northern blot analyses were performed to
determine whether the altered patterns of symptom ex-
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TABLE 2

ACCUMULATION OF VIRUS IN PLANTS INGCULATED WITH
INSERTION MUTANTS OF TVMV

Relative virus titer® at leaf position

Incculum 3 7 8 9 11 13 15

Experiment 1

Mack .00 000 000 000 000 000 000C
pXBS7 1.60 1.00 1.00 1.00 100 100 100
P1-801 120 058 067 050 119 119 1.00
HC-1937 0.07 003 003 000 003 ND®* ND
HC-1837A15 0.08 003 002 000 007 ND ND
CD-8466 115 083 091 082 126 1.14 095

Relative virus titer at !eaf position

<] 7 8 9 11 12 14 15

Experiment 2

Mock 000 000 00O 000 000 000 000 000
pXB57 100 100 100 100 100 100 100 1.00
HC-1937 005 009 012 004 019 025 039 049

HC-1937A15 043 009 01t 006 028 030 048 070

¢ The titer of virus in teaf extracts was estimated by double-antibody
sandwich ELISA; each inoculurn was applied to five plants and the
mean titer of virus in leaves above the inoculated leaves was deter-
mined; values shown reprasent the ratio of the means of mutant to
wild-type titer at each leaf position.

2 ND, not determined.

pression in plants infected with mutants P1-801, HC-
1937, and HC-1937A15 were accompanied by differ-
ences in the extent to which progeny virus accumulated
in plants (Table 2 and Fig. 5). The levels of viral CP and
RNA in leaves of plants inoculated with mutant P1-801
were not significantly different from those in plants in-
fected with TVMV RNA or pXB57-derived RNA (Table 2
and Figs. 5A and 5B) and suggest that the mild symptoms
initially observed in the plants were not due to lower
amounts of virus. Furthermore, the appearance of typical
TVMV-like symptoms in leaves 45 days after inoculation
(leaf positions 12-15) was not accompanied by an in-
crease in virus accumulation.

In contrast, the amount of viral CP in leaves of plants
inoculated with mutants HC-1937 and HC-1937A15 ap-
peared to be correiated with the severity of symptom
expression. Leaves with sporadic or no symptoms {posi-
tiong 7—9) had much legs viral CP than the corresponding
leaves on plants infected with wild-type RNA {Table 2\
Leaves exhibiting TVMV-like symptoms that appeared
later (positions 12—~ 15) contained CP although the levels
were somewhat lower than those observed in plants in-
oculated with pXBS7-derived RNA. As with CP accumulta-
tion, the levels of viral RNA in plants infected with mu-
tants HC-1937 and HC-1937A15 were consistently lower
than RNA levels in plants inoculated with pXBS7 tran-
scripts (Figs. BA and 5B).

Analysis of plants inoculated with mutant CP-8465 indi-
cated that througheout the course of the infection the
amounts of viral CP and RNA were not significantly differ-
ent from those detected in wild-type-infected plants (Ta-
ble 2 and Figs. 5A and bBB). These results are consistent
with the development of wild-type-like symptoms that
were observed in plants inoculated with this mutant.

Stability of mutants in inoculated plants

Progeny viral RNA produced in plants inocuiated with
mutants P1-801, HC-1937, HC-1937A15, and CP-84656
was analyzed to verify that the 12-nt insertion was stably
mainained in the TVMY genome. Since the insertions
contain a unique Xhol site, only amplified fragments from
progeny RNA that retained the insert would be digested
by Xhol. Analysis of two selected leaves {leaf positions
6 and 15) revealed the presence of the Xhol site in prog-
eny viral RNA from leaves of all mutant-infected plants
and indicated that each of the four mutants was stable
for at least the first 45 days after inoculation {data not
shown). In addition, nucleotide segquencing of RT-PCR

A Leaf Position 6
Mative HC- HC-1937
Mock RNA pXBS7 P1-801 1937 _AlS CP-8465

. “ «—TVMV RNA
BERTR 3

* W

oy T N - -—-e
II—.
B Leaf Position 15
Native HC- HC-1937
Mock RNA pXBS7 P1-B80l 1937 _AlS CP-8465

«—TVMV RNA

e

- LR |
g 28 F 5T

¥

*

Fia. 5. Accumulation of TVMV RNA in plants inoculated with tran-
scripts derived from wild-type and mutant cDNA plasmids. Total RNA
was extracted from systemicelly infected leaves 15 (leaf position §; A)
and 45 {leaf position 15; B) days after inoculation. Two RNA samples
isolated from individually inoculated plants of each treatrment were
analyzed. Samples equivalentto 2.5 my of leaf tissue were electrophe-
resed on 0.8% agarose—formaldehyde gels, transferred to nylon mem-
branes, and hybridized with a TVMV ¢cRNA probe. Lanes containing
samples from plants inoculated with native TVMV RNA or mock-inocu-
lated are also shown, The arrow marks the position of TVMV genomic
RNA. Asterisks mark the positions of ribosomal RNAs. Blots were ex-
posed to X-ray film for 6 hr.
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products generated from RNA isolated from plants inocu-
lated with mutants HC-1937 and HC-1937A15 confirmed
the presence of the original 12-nt insertion and indicated
that no nucleotide changes had occurred in the region
of the mutation {data not shown).

DISCUSSION

A genetic analysis of TVMV was undertaken to comple-
ment /n vitro studies of the activities of potyviral proteins
and to provide more information about the roles of these
proteins in replication and pathogenicity. A collection of
18 mutants was constructed and they displayed a variety
of phenotypes in inoculated plants and proteplasts {Fig.
2). Only one mutant (CP-8465} behaved like wild-type-
like virus indicating that the insertion cartridge was itself
not universally deleterious to the virus.

Replication-defective mutants

None of the mutants that contained inserts in the con-
tiguous P3—Cl-6K-Nla—-NIb coding region of the TVMV
genome was able to produce detectable amounts of
progeny viral RNA in protoplasts. The proteins encoded
by the CI, Nla, and Nib regions of the genome have
previously been shown to possess activities or features
assumed to be involved in the replication of potyviral
RNA. The behavior of each of the three P3 mutants de-
scribed here and the observed association of P3 with
cylindrical inclusions in infected celis (Rodriguez-Cerezo
et al, 1993) suggest that this protein may also have such
a function. Thus, as many as five proteins, encoded by
a large internal segment of the potyviral genome, may
have roles in replication.

The presence of 12-nt inserts in some of these parts
of the TVMV genome may have resulted in the obstruc-
tion of important structural features of particular viral pro-
1eins. One of the insertions in the Cl protein {mutant Cl-
4040) is three amino acid residues removed from one of
the proposed sites of the NTP-binding domain (Gorba-
lenya and Koonin, 1989) and increases the distance be-
tween this and ancther such site. The other three inser-
tions in this protein also disrupt conserved features (Koo-
nin and Dolja, 1993; unpublished observations). The
position of the insert in the so-called 8K region of mutant
6K-6516 is very close to the equivalent region in an insef-
tion mutant of tobacco etch virus (TEV) that was reported
to be nonviable (Restrepo-Hartwig and Carrington, 1994),
The insert in mutant Nla-6652 occurs in a region corre-
sponding to that shown by Dougherty et al (1989) to
encompass the catalytic triad in the Nla proteinase of
TEV. Mutant NIb-7386 containg an insert in the region of
NIb adjacent to the first (domain ) of the eight conserved
domains that have been demonstrated in positive-strand
RNA virus polymerases (Koonin, 1991).

Some of the other mutants may also have been replica-
tion-defective. The insertion in mutant P1-616 occurs just

within the N-terminal boundary of a domain shown to be
required for processing of the TEV P1-HCpro cleavage
site (Verchot et g/, 1991). A defect in P1 proteinase activ-
ity would be expected to adversely affect the production
of the HCpro protein and possibly the P3 protein and
either of these consequences might result in impaired
replication of viral RNA. Little or no progeny viral RNA
was detected in protoplasts inoculated with mutants
bearing insertions in the N- (HC-1500) and C-terminai
(HC-2201} pans of the HCpro protein, respectively. Small
changes (Atreya et a/, 1992; Atreya and Pirone, 1993)
and large deletions {Dolja et a/, 1992) in the N-terminal
regions of TVMV and TEV HCpro have been shown to
result in significant reductions in accumulation of viral
RNA and CP similar to those we observed (Fig. 4). The
insert in mutant HC-2201 interrupts a proteclytically ac-
tive domain that is highly conserved among potyviruses
{Oh and Carrington, 1989) and it is likely that elimination
of HCpro proteinase activity is responsible for the defect
we observe in this mutant.

Movement-defective mutants

A cell-to-cell movement function has not yet been as-
signed to any of the potyviral proteins. However, it has
recently been suggested that the CP of TEV may be
involved in cell-to-cell movement {(Dolja et af, 1994}, Of
the mutants in our investigation, only HC-1378 replicated
with reasonable efficiency in inoculated protoplasts, yet
did not spread in inoculated leaves. Before declaring that
HCpro may be a potyviral mevement protein, however,
we feel that it must be established that neither encapsi-
dated nor unencapsidated mutant viral RNA moves from
directly incculated cells in a leaf to neighboring cells.

In our initial analysis, mutant 5’UTR-151A19 appeared
to be a movement-defective mutant. However, transcripts
of an independent clone of the construct did not display
such a phenotype but rather had the characteristics of
wild-type BNA {unpublished cbservations). Therefore, it
is doubtfu! that the movement-defective phenotype was
solely the result of the mutatien in the 5'UTR. Sequence
analysis and the construction of chimeric constructs of
the twe 5'UTR mutants may provide further insight into
the viral protein(s) involved in celi-to-cell movement.

There have been some very modest indications that
the P1 protein of TVMV may be a movement protein.
Domier et al. (1987} reported a limited degree of amino
acid sequence simitarity between the TVMV P1 protein
and the 30K movement protein of tobacco mosaic virus.
The P1 of TVMV is capable of binding RNA in a relatively
nonspecific manner [Brantley and Hunt, 1993), and sev-
eral ptant viral movement proteins have been shown 1o
be RNA-binding proteins {Citovsky et a/, 1990, 1991;
Schoumacher et al, 1992; Osman et al, 1993). In the
present study, neither of the two mutants with insertions
in the P1 protein exhibited a movement-defective pheno-
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type. It is clear that further studies are necessary ta con-
clusively demonstrate the role of TVMV proteins in cell-
to-cell movement.

Mutants altered in symptom expression

Inoculation of plants with mutants of the P1 and HCpro
proteins resulted in altered developmem of disease
symptoms. Previous mutational analyses have demon-
strated that mutations in both noncoding and coding re-
gions of the potyviral genome can have profound effects
on disease symptoms (Rodriguez-Cerezo et af, 1991;
Atreya et al, 1992; Dolja et a/, 1992; Atreya and Pirone,
1993). Thus, mare than one region of the potyviral ge-
nome appears to be involved in symptom development,
a phenomenon that seems to be a general one amoeng
plant viruses and that argues against the existence of
viral proteins that are specific determinants of symptom
production.

An interesting observation in plants infected with mu-
tants P1-801, HC-1937, and HC-1937A15 was the cycli-
cal nature of symptom expression. As plants developed,
the symptoms progressed from mild or sporadic to more
severe, and this pattern was then repeated as new
leaves emerged, Why the symptom development should
be cyclical is difficult to explain. Further characterization
of the accumulation and distribution of virus and the de-
velopment of symptems in plants infected with these
three mutants will be needed to better understand this
novel and interesting phenomenaon,
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